Abstract. Laser acceleration by radially polarized laser beams takes advantage of the strong longitudinal electric field component at the beam centre. When the laser field intensity is sufficiently high, it can push electrons initially at rest at the beam waist outside the Rayleigh zone and accelerate them to relativistic velocities along the laser axis. To obtain the best results in terms of electron dynamics and energy estimation, we suggest that the electrons could be accelerated to a very high energy level by the radially polarized laser pulse. The additionally used azimuthal magnetic field helps to retain the electron energy during acceleration. In this paper, we describe the electron energy scales with laser power and we explain how the laser beam parameter and the magnetic field both can be optimized for maximal acceleration.
Introduction
During the last decades very interesting research results have been found in particle acceleration by laser in vacuum. Direct electron acceleration in a short pulse and acceleration in the laserexcited wake-field can compete with each other. For sufficiently short and intense laser pulses, the direct electron acceleration in the pulse dominates [1] . Many theoretical and experimental models were proposed and developed which target the sequential improvements in techniques for energy gains by electrons during interactions with laser fields. If an electron has large initial energy, then interaction time between the laser and electron increases and peak electron energy increases. To achieve high energy gain it is desirable that the laser intensity is high and pre-accelerated electrons are used [2] . Resonant interaction was suggested as a mechanism for accelerating electrons to highly relativistic energies [3, 4] . The magnetic field is generated by several mechanisms [5] . The electron rotates around the propagation direction of the laser pulse during the interaction with circularly polarized intense laser pulse. Betatron resonance occurs between the electrons and electric field of the laser pulse for two optimum values of the magnetic fields, and the electrons gain much higher energies [6] . The laser can trap electrons in transverse and accelerate them with the longitudinal ponderomotive force at the same time.
Resonance occurs between the electric field of the laser pulse and the electron if a wiggler magnetic field of a suitable magnitude and period is externally applied [7] . The value of the optimum magnetic field decreases with initial electron energy. Most of the energy gain is in the longitudinal direction. The acceleration gradient increases with laser intensity [8] . The acceleration depends on the initial laser phase for a long laser pulse [9] and is independent for a short laser pulse [10] . The energy gained by electron increases with laser intensity and decreases with initial electron energy. The Rayleigh length for a wide enough laser beam waist is much larger than the drift distance of electron in the electromagnetic field of the laser; therefore, the change of laser beam waist's width can be neglected. However, if the width of laser beam waist is small, the corresponding Rayleigh length is comparable to or even shorter than the laser electron interaction drift distance. The intensity of laser interacting with the electron decreases due to diffraction during the falling part of the pulse, hence the electron gains net energy [11] . A resonance occurs between the electrons and the electric field of the laser if we apply an intense magnetic field in the direction of laser pulse propagation [12] . A small angle of injection for a sideway injection of electron about the axis of propagation of laser pulse is suggested for better trapping of electron in laser field and stronger betatron resonance under the influence of axial magnetic field [13] [14] [15] [16] [17] .
In this paper we have employed an RP laser pulse for electron acceleration in the presence of magnetic field in vacuum. The electron experiences a force due to longitudinal component of electric field when interacting with an RP laser pulse. Also all the equations are solved by Runga-Kutta method using Matlab software. This paper is organized as follows. In section 2, we present the physical model used to study electron acceleration. In section 3, we show how electron energy scales with laser power in the ideal case where the particle remains perfectly synchronized with the laser pulse throughout the interaction. Finally, in section 4 we make closing remarks.
Electron Dynamics
The equation for an RP laser paraxial approximation which propagating along z-axis with electric field E = rEr + zE z . The electric field component can be written as
where E 0 is the amplitude of electric field, ϕ is the Gaussian beam phase, τ is the pulse duration, r is the radial coordinate, Z L is the initial position of the pulse peak, r 2 = x 2 + y 2 , r 0 is the minimum laser spot size, and c is the velocity of light. The Gaussian beam parameters is defined as f (z)= 1 + ξ 2 , where f (z) is the laser beam width parameter, and ξ = z/Z R is the normalized propagation distance, Z R = kr 2 0 /2 is the Rayleigh length, k is the laser wave number And
+φ 0 , ω 0 is the laser frequency and φ 0 is the initial phase.
Using Maxwell's equations the magnetic fieldcomponent related to laser pulse can be given by
The azimuth magnetic field used in this calculation can be written by
To analyse the electron dynamics, we write the equations governing electron momentum and energy as follows:
where and π/2, r respectively. As the propagation distance increases the electron energy gain enhances for all values of the initial phase of the wave (δ). The magnetic field is taken 30 MG for these estimation. The energy gained by the electron increases with the laser intensity and decreases with the initial electron energy. Furthermore, there is a reduction in acceleration gradient with initial momentum with the laser intensity. The resonance between the electric field and the electrons of the laser pulse is stronger at higher and an optimum magnetic field. Consequently, due to this reason the acceleration gradient increases with decrease in initial electron energy. When the laser field intensity is sufficiently high, it can push electrons initially at rest at the beam waist outside the Rayleigh zone and accelerate them to relativistic velocities along the laser axis. To obtain the best results in terms of electron dynamics and energy estimation, we suggest that the electrons could be accelerated to a very high energy level by the radially polarized laser pulse. The additionally used aximuthal magnetic field helps to retain the electron energy during acceleration. In this paper, we describe the electron energy scales with laser power and we explain how the laser beam parameter and the magnetic field both can be optimized for maximal acceleration.
Results and Discussion

